Abstract Rationale: In schizophrenia research, the study of animal models has received considerable attention in the past 20 years. The value of animal models in preclinical research is widely recognised, largely because they can provide precious knowledge regarding the neurobiology of schizophrenia and can also be used for developing antipsychotic drugs. Prepulse inhibition (PPI; reduction in startle reflex induced by a prestimulus) is impaired in schizophrenic patients, a finding that has been associated with a loss of sensorimotor gating abilities. In rats, the schizophrenic-like PPI deficit can be induced by pharmacological or surgical manipulations targeting mainly the cortico-meso-limbic circuitry. Objectives: The literature was critically reviewed in an effort to determine the robustness and the relevance for schizophrenia of another category of animal models, based purely on manipulations of the social environment, that encompasses the neurodevelopmental hypothesis of schizophrenia. Specifically, we focused our attention on the long-term effects of such environmental models on sensorimotor gating processes as assessed in the PPI paradigm, with an attempt to evaluate their face, predictive and construct validity. Results: Our review of the literature leads to the conclusion that social deprivation performed directly after weaning (~21 days of age) is more likely to be a relevant model for PPI impairments in schizophrenia than pre-weaning manipulations. Conclusions: Although the robustness of such environmental models requires further study, these animal models offer the advantage of avoiding invasive manipulations, which allows for a variety of anatomical, electrophysiological, neuroendocrine or neurochemical investigations in the absence of confounding pharmacological or surgical effects.
Introduction
Schizophrenia is a neuropsychiatric disorder affecting approximately 1% of the population world-wide. It is characterised by positive (thought disorder, hallucinations, delusions) and negative (social withdrawal, anhedonia, flattening of affect) symptoms, the emergence of which considerably impairs the cognitive, intellectual and psychomotor abilities of those afflicted and handicaps their everyday life. Schizophrenia is a complex, multifactorial disease probably involving genetic, environmental and neurodevelopmental factors. Despite the fact that some chromosomal loci have been found to be related to the disease, no gene has been identified yet (Weinberger 1997; Tsuang 1998; Pulver 2000) . In parallel, several hypotheses have emerged around the implication of environmental risk factors in the development of the disease. There is general agreement that the environment during pregnancy (e.g. intrauterine environmental stresses such as influenza exposure; Mednick et al. 1988; O'Callaghan et al. 1991; Takei et al. 1996) , at birth (e.g. obstetrical complications; Owen et al. 1988 ) and/or during childhood is critical. The neurodevelopmental hypothesis of schizophrenia is based on the notion that these early-life environmental factors can have significant consequences for processes of brain maturation. Thus, several neuroanatomical abnormalities have been associated with schizophrenia, including ventricular enlargement, reduction in cortical volumes, particularly in the prefrontal cortex, and cytoarchitectural alterations of the limbic system, for example in the layers of the entorhinal cortex (Shelton and Weinberger 1986; Arnold et al. 1991) . Interestingly, the prefrontal cortex, a cortical brain area widely implicated in the disease, reaches its functional maturity only in early adulthood, explaining perhaps why these early neurological injuries remain quiescent during childhood, "expressing" themselves only later, in adolescence, a time when schizophrenic symptoms often become apparent. Along these lines, Weinberger postulated that "if a lesion affects a brain structure or region that has yet to mature functionally, the effects of the lesion may remain silent until that structure or system matures" (Weinberger 1987) . Furthermore, the observed reduction in cortical volume has been associated with neuronal loss but not with gliosis, suggesting that the pathology could be more related to an abnormal brain development than to atrophy. Finally, schizophrenia is not a neurodegenerative disease, because the anatomical abnormalities such as ventricular enlargement do not evolve with the illness.
As a part of the wide spectrum of symptoms exhibited by schizophrenic patients, their inability to ignore or "gate out" irrelevant external stimuli was described for the first time by Bleuler (1911) . This loss of sensory gating abilities can be assessed using the prepulse inhibition (PPI) paradigm (described in detail in the following section). Briefly, PPI refers to the decreased startle to an intense stimulus when this stimulus is immediately preceded by a weaker pre-stimulus. Impaired sensorimotor gating in schizophrenic patients, as reflected by altered PPI, has been reported to lead to thought disorder and cognitive dysfunction (Braff et al. 1978 Grillon et al. 1992; Parwani et al. 2000) . Nevertheless, PPI alterations are not specific to schizophrenia, but have also been reported in obsessive-compulsive disorder (Swerdlow et al. 1993b ), Huntington's disease (Swerdlow et al. 1995b ) or Tourette's syndrome (Smith and Lees 1989; Castellanos et al. 1996) . Because PPI has the advantage of being a cross-species phenomenon that requires very similar stimulus parameters for both humans and rodents, animal models of deficient PPI have been developed with the aim of understanding the underlying pathophysiological mechanisms involved in the development of psychiatric diseases and being able to predict the antipsychotic potential of new compounds. This review will focus on animal models of human PPI deficiencies using environmental manipulations conducted in the early life of rats. Before defining these different environmental models and discussing their relevance to schizophrenia, we will first describe the PPI paradigm and its use in clinical research to investigate sensorimotor gating dysfunction in schizophrenic patients.
Definition of startle reflex and prepulse inhibition
The startle reflex
The startle reflex is a natural defensive response that involves a rapid contraction of facial and skeletal muscles and occurs in response to an unexpected, intense stimulus. The startle reflex is an uncontrolled, spontaneous response that can be elicited by stimuli originating from diverse sensory modalities (acoustic, tactile or visual) . It can be observed in numerous mammalian species, including humans and rodents. In humans, the eyeblink reflex component of the startle response, i.e. the contraction of the orbicularis oculi facial muscle, is measured using an electromyography technique. In rats, the contraction of the whole-body muscles determines the amplitude of the startle reflex.
In mammalian species, a brain network composed of structures located in the lower brainstem and related to the motor nerves of the spinal cord mediates the startle reflex. Because the latency of the startle response is very short (between 5 and 10 ms), this neural circuitry is thought to involve very few synapses. As described by Koch and Schnitzler (1997) , the primary startle pathway includes several nuclei of the pontine reticular formation and their connections with motoneurons of the spinal cord governing the muscle contraction (Leitner et al. 1980; Davis et al. 1982; Koch and Schnitzler 1997) . Several factors, like strain , gender (Blaszczyk and Tajchert 1996; Weiss et al. 2001) , light cycle (Frankland and Ralph 1995) or internal states such as fear or anxiety (Davis 1986 ) are known to influence the amplitude of the startle reflex in the rat. In addition, the startle reflex can show several forms of plasticity, including habituation or fear potentiation (Brown et al. 1951; Davis 1989; Davis et al. 1993 ), for which "higher" brain structures are required. Furthermore, the fact that the startle amplitude can be increased in states of fear (fear potentiation) or decreased in a pleasant context (pleasure attenuation; Lang et al. 1990 ; Koch et al. 2000) , in both humans and rats, suggests that the startle amplitude can be used to evaluate emotional states (Marsh et al. 1973; Koch and Schnitzler 1997) .
Prepulse inhibition
Prepulse inhibition (PPI) is a form of plasticity of the startle reflex. PPI is the normal reduction of the startle reflex to an intense acoustic stimulus (pulse) when this stimulus is immediately (30-500 ms) preceded by a weaker stimulus (prepulse) (Graham 1975; Braff et al. 1978; Hoffman and Ison 1980) . PPI is usually expressed as a percentage of inhibition of the startle amplitude on prepulse+pulse trials as compared with the amplitude during pulse alone trials. The more salient the prepulse (higher intensity above background), the higher the percentage of inhibition of the startle reflex. In a later section, we will present unpublished data obtained using concomitantly an analysis in percentage PPI and an alternative method based on the effect size. An "effect size" analysis evaluates the extent to which a PPI modulation is produced by a treatment (i.e. an environmental manipulation), on the basis of which different studies can be directly compared.
Whereas the startle response is controlled by brain structures at the level of the brain stem, the mechanism of its inhibition by the prepulse requires forebrain structures (nucleus accumbens, hippocampus, amygdala or prefrontal cortex; Swerdlow et al. 1992a; Wan and Swerdlow 1997; Koch 1999; Pouzet et al. 1999; Zhang et al. 1999; Lacroix et al. 2000a) . Therefore, PPI is a relevant model to investigate the neural control exerted by cortical and limbic structures on gating processes and the possible dysregulation of these processes in neuropsychiatric disorders. The brain seems to need a period of 30-500 ms to process correctly the information given by a first stimulus and therefore "gates out" or filters any new sensory event that might occur within this interval. This pre-attentive inhibitory process protects the brain against an overflow of information. The capacity of the prepulse to inhibit the startle reflex is thus an operational measure of the amount of sensorimotor gating. PPI is a reflexive phenomenon rather than a form of conditioning, because it can appear at the first presentation of the prepulse-pulse combination. Furthermore, PPI does not show habituation or extinction over repeated trials. As already mentioned above, because PPI deficits have been described in several psychiatric disorders, as well as in rats after activation of the dopaminergic mesolimbic system (for review, see Swerdlow et al. 1992a) , the PPI paradigm used in rodents has been proposed as an animal model of the attentional impairments seen in these diseases, with face, predictive and construct validity (Geyer and Braff 1987; Swerdlow et al. 1992a; . Interestingly enough, because PPI can be studied in humans and rats using almost identical procedures and stimuli, it raises the possibility that the neurobiological mechanisms underlying the PPI response could be very similar across species.
Sensorimotor gating deficiencies in schizophrenic patients
There is general agreement that schizophrenic patients have difficulties to gate extraneous sensory stimulation. This deficit in their ability to filter incoming external information can lead to stimulus flooding and impairment of cognitive functioning. This pre-attentive process can be investigated in humans using either the PPI (Braff et al. 1978 Grillon et al. 1992; Perry et al. 1999; Parwani et al. 2000) or the P50 conditioning-test paradigm (Adler et al. 1982; Freedman et al. 1983 ). In the P50 conditioning test, an event-related potential response recorded on the vertex, with a positive wave delayed by 50 ms from the stimulus onset, is inhibited by the prior presentation of an identical stimulus using a 500-ms inter-stimulus interval. These sensory gating mechanisms have been demonstrated to be deficient in schizophrenic patients Grillon et al. 1992; Bolino et al. 1994) . Since the very first clinical studies of Braff et al. in the 1970s , which assessed the PPI response of schizophrenic patients, a number of interesting studies have "characterised" this sensorimotor gating deficit (Braff et al. 1978) . First, PPI impairments in schizophrenic patients are described for both tactile and acoustic-elicited startle reflexes and are not associated with changes of the startle reflex amplitude per se Grillon et al. 1992) . The latter findings suggest that schizophrenic patients can respond adequately to sensory stimuli of different modalities and that the deficit is independent of the nature of the pulse. Second, it seems that schizophrenic patients do not have problems to detect weak prepulses, and PPI deficits are apparent using a broad range of prepulse intensities Parwani et al. 2000) . Third, disruption of PPI is still apparent after clinical remission of the symptoms in stable medicated patients, and does not differ from the disruption seen in an acute phase of psychotic symptoms (Parwani et al. 2000) . Taken together, these findings strongly suggest that PPI deficits are an enduring feature of schizophrenia and that they reflect an abnormal information processing.
As already mentioned above, the deficient gating functions in schizophrenics as reflected by altered PPI are thought to be related to cognitive disabilities. In a recent study, Perry et al. (1999) reported that PPI impairments correlated with "perceptual inaccuracy and disordered cognitive reasoning" in schizophrenic patients. Together with a previous study from the same authors (Perry and Braff 1994) , the latter finding supports the contention that deficient sensorimotor gating in schizophrenics may result in thought disorder and distractibility. Although the latter reports might suggest that PPI impairments are more related to the positive symptomatology of schizophrenia, some studies have also reported relationships between PPI dysfunction and negative symptomatology . In contrast, Parwani et al. (2000) found no correlation between gating deficits and clinical symptomatology. It remains therefore unclear whether PPI deficits can be "categorised" in clinical scoring, although it does seem reasonable to consider this disruption as a substantial neurobiological marker of the disorder.
Modelling sensorimotor gating deficits in the rat
In animals, the schizophrenic-like PPI deficit has to be induced such that it resembles the human dysfunction (face validity). The induction of PPI deficits by means of pharmacological or surgical manipulations has been studied over the past twenty years and these approaches are now widely employed to affect PPI. Nevertheless, these models have certain intrinsic limitations that can be avoided by the use of environmental models. Although it is not within the scope of this review to discuss the different pharmacological and lesion models for PPI disruption (for review, see Swerdlow et al. 2000a ), we will present here some examples. Dopaminergic dysfunction in the mesolimbic system has been repeatedly implicated in schizophrenia (Snyder 1976; Seeman et al. 1984; Bachus and Kleinman 1996; Knable and Weinberger 1997) . In line with this dopaminergic hypothesis, PPI deficits can be obtained by acute pharmacological manipulation of the mesolimbic system (Swerdlow et al. 1992b ). For example, systemic administration of apomorphine (a direct dopamine agonist; Rigdon 1990; Swerdlow et al. 1994; Varty and Higgins 1995; Depoortere et al. 1997a; Mansbach et al. 1998) or amphetamine (an indirect dopamine agonist; Mansbach et al. 1988; Swerdlow et al. 1990 ) disrupts PPI dosedependently in the rat. These observations are consistent with the finding that PPI can be attenuated in non-psychiatric controls by systemic injections of amphetamine (Hutchison and Swift 1999) . Furthermore, the apomorphine-induced PPI disruption can be reversed by antipsychotic drugs such as clozapine (Swerdlow and Geyer 1993) , haloperidol, or raclopride (Varty and Higgins 1995) , an observation that supports the predictive validity of disrupted PPI as an animal model of schizophrenia (Kumari et al. 1999) . Although the pharmacological disruption of PPI with dopaminergic agents seems to be robust and stable, it also presents some limitations. First, the pharmacological induction of PPI deficits is sometimes hardly reversed by atypical antipsychotics known to be effective in schizophrenia. For example, in some studies, clozapine failed to reverse the apomorphineinduced disruption of PPI (Rigdon and Viik 1991; Varty and Higgins 1995) . Second, Davis et al. (1990) have demonstrated that apomorphine-induced PPI deficits were only observed when the difference between the background noise and the stimulus was below 10 dB, raising the possibility of an interaction of the drug with the detection of the prepulse stimulus. Third, in the context of basic research, this pharmacological induction of PPI deficits biases the investigations towards a specific neurotransmitter system. Finally, in the context of drug screening, this pharmacological model automatically implicates drug-drug interactions and tends to select pharmacological homologues: for example a dopaminergic antagonist with potential antipsychotic properties will reverse the PPI deficit induced by a dopamine agonist.
Lesions and intracerebral infusions have also been employed to disrupt PPI in adult animals by targeting a specific brain area. For example, lesion of the ventral striatum or the medial prefrontal cortex has been reported to reduce PPI Kodsi and Swerdlow 1994; Yee 2000) , although not consistently (Swerdlow et al. 1995a; Lacroix et al. 1998) . Temporary NMDA-induced overactivity of the ventral hippocampus, but not dorsal hippocampus (W. Zhang, T. Bast and J. Feldon, unpublished observations) , is reported to severely impair PPI (Klarner et al. 1998; Koch et al. 1999; Zhang et al. 1999) . These intracerebral NMDA infusions mimic the hippocampal overactivity apparent in certain schizophrenic patients (Friston et al. 1992; Heckers et al. 1998) . However, the predictive validity of this model still needs to be demonstrated, because pre-treatment with systemic haloperidol does not reverse the deficit and there is controversy in the literature concerning the ability of clozapine to reverse this disruption (Zhang et al. 1999; Bast et al. 2001) . In line with this glutamatergic hypothesis, systemic administration of non-competitive NMDA antagonists, such as phencyclidine (PCP), dizocilpine (MK-801) or ketamine is also used to disrupt PPI in rats (Mansbach and Geyer 1989; Keith et al. 1991; Hoffman et al. 1993; Feifel and Priebe 1999; Bast et al. 2000 ; for review, see . Furthermore, this model is consistent with the research in humans, since PPI is also impaired in human volunteers following treatment with NMDA antagonists (Vollenweider et al. 2000) .
One lesion model that is line with the neurodevelopmental hypothesis of schizophrenia has been developed by Lipska et al. (1993) , and consists of lesioning the ventral hippocampus of 7-day-old pups. These neonatally lesioned rats demonstrated behavioral and neurochemical alterations, including deficient PPI at postnatal day 56 (post-puberty) but not at postnatal day 35 (pre-puberty) (Lipska et al. 1995) , which is suggestive of late induction of increased dopamine function in the mesolimbic system (construct validity). Interestingly enough, this model presents face validity by mimicking some of the characteristics of schizophrenia, such as post-pubertal onset of behavioural abnormalities, congenital hippocampal area damage, or dysfunction of the limbic dopaminergic system. However, the predictive validity of the model still needs to be confirmed, as no data are available yet regarding the effects of typical or atypical neuroleptics on this lesion-induced PPI deficit. Furthermore, since an early brain lesion is involved, it is very difficult to judge to what extent the lesion will interfere with normal brain development and have deleterious effects on other connected brain regions. Moreover, the research will be automatically dominated by the a priori implication of a specific brain area in the behavioural outcome in adulthood.
A promising alternative to these models can be seen in the study of non-invasive animal models for deficient PPI, an approach that has received considerable attention over the past 10 years. These models, based on manipulations of the social environment of animals during specific developmental periods, emerged from the observation that developing rodents demonstrate a high sensitivity to early life manipulations of their social environment. In contrast to the acute effect produced by a systemic drug injection or infusion, the environmentally induced disruption of PPI allows the investigation of the effects of the manipulation over a long period of time. In addition, such models can be relevant in the context of the neurodevelopmental hypothesis of schizophrenia. Interestingly, environmental animal models offer the advantage of avoiding invasive manipulations and thus are suitable for a variety of investigations at the anatomical, electrophysiological or neurochemical levels in the absence of confounding pharmacological or surgical effects. Therefore, the study of such models can also yield information that may further enhance the understanding of the pathophysiological mechanisms involved in the development of psychiatric diseases such as schizophre-nia. Finally, if an environmental model shows face, predictive and construct validity for schizophrenia, it can represent a novel and very interesting approach for the detection of potential antipsychotic drugs with the PPI paradigm. In the following sections, we will present these different environmental models in rats in association with their possible long-term effects on sensorimotor gating abilities, and their validity for schizophrenia.
Environmental animal models of deficient sensorimotor gating
Derived from the hypothesis that brain maturation processes are more susceptible to permanent modification when intervention occurs at an early age, several noninvasive animal models use manipulations of the earlylife social environment, mainly by isolating the animals from the social group for a certain period of time. As such, social deprivations can be conducted during specific phases of development, either during the pre-weaning period, or from weaning to adulthood or only during adulthood. Early handling, maternal separation and social isolation are the three different environmental manipulations whose effects on PPI have been studied.
Early handling
Early handling (EH) is the most commonly studied preweaning manipulation of the social environment and one that gives rise to relatively consistent and well-defined behavioural and neuroendocrine effects in adult animals. EH consists of daily separations of pups from their mother for 3 to 15 min, which does not exceed the normal period of separation that occurs when the mother leaves the nest. Therefore, EH has not been described as representing a social deprivation for the animals and is indeed considered to stimulate maternal care (Liu et al. 1997) . EH has been reported to facilitate the maturation of brain limbic structures (Levine 1994; Meaney et al. 1994 ), thereby having a somehow "protective" effect in the long term, for example by delaying age-related neural and cognitive deficits (Meaney et al. 1988 (Meaney et al. , 1991 Pham et al. 1997) . The behavioural and endocrine consequences of EH are typically reported using a control group of non-handled (NH) rats, reared either totally undisturbed during the pre-weaning period (no cage cleaning) or under normal husbandry conditions (regular cage cleaning). When exposed to stress, compared to totally undisturbed NH rats, handled rats demonstrate in adulthood decreased emotional responses, reduced hypothalamic-pituitary-adrenal (HPA) axis responsiveness, as revealed by a reduction of corticosterone release, and a rapid post-stress endocrine recovery (Levine 1967; Meaney et al. 1989 Meaney et al. , 1996 . Nevertheless, when EH animals are compared with normal-husbandry controls, the endocrine differences are much weaker (Campbell and Spear 1999) . Furthermore, EH has been reported to influence many aspects of behaviour. Compared to NH, EH rats are more active and show more exploration when confronted with novelty, they demonstrate reduced anxiety in the elevated plus maze (Vallee et al. 1997) , and their locomotor response to d-amphetamine is also increased (Weinberg et al. 1978; Feldon and Weiner 1988) . In contrast, relative to normal-husbandry controls, EH does not affect spontaneous or d-amphetamine induced locomotor hyperactivity in a circular corridor (Campbell and Spear 1999) . EH rats have been reported to exhibit better performance in learning tasks (Weiner et al. 1985 (Weiner et al. , 1987 , reduced food-related neophobia and better discrimination, which could be attributed to their lower emotional reactivity (Weinberg et al. 1978) . Finally, latent inhibition (i.e. retarded conditioning to a stimulus that has previously been repeatedly presented without meaningful consequences) is not affected by EH, but is disrupted in NH male rats (Weiner et al. 1985; Feldon et al. 1990 ), the disruption being reversed by haloperidol (Feldon and Weiner 1988) .
Maternal separation
It was in the 1960s that Harlow and Harlow conducted the first studies on the effects of early social deprivation in monkeys (Harlow and Harlow 1962) . When reared from birth in artificial conditions devoid of any social contact with their mother or peers, infant monkeys exhibited severe behavioural abnormalities, including stereotypic behaviour, lack of grooming, or social withdrawal when confronted with a group of congeners; the latter behaviours were seen as signs of depression. In the newborn laboratory rat, the social environment is defined by interactions with the mother and littermates. The mother constitutes thus the unique link between the pups and the external world. Variations in maternal care can destabilise the mother-infants interaction, thereby producing profound alterations in the maturation of the pups. In the rat, pre-weaning maternal separation (MS) consists of separating pups from their mothers for a longer period of time (1-24 h) than in EH. In addition to the duration of the mother-pups separations, there is evidence that the frequency of these separations and the time point at which they are conducted during the preweaning period differentially modify the subsequent behavioural responses (for review, see Lehmann and Feldon 2000) . These experimental variables vary largely across laboratories and may explain some of the discrepancies apparent in the outcomes. Furthermore, other experimental factors, such as the degree of social deprivation can differ. Indeed, when the pups are separated from their mother, they can be further separated from their littermates (Zimmerberg and Shartrand 1992; McIntosh et al. 1999; Pryce et al. 2001) or kept together (Lehmann et al. 2000a (Lehmann et al. , 2000b . In the first case, the social deprivation is complete, whereas in the second case littermates are less disturbed (partial social deprivation). It is, in fact, a natural situation for a pup to stay alone with its littermates for a short period of time when the mother is engaged in feeding, drinking, or self-grooming behaviours. Although it is not clear what is more disturbing for the rats, i.e. the absence of the mother or the peers, the complete social deprivation is more likely to produce greater developmental alterations. In addition, the temperature at which the pups are kept during separation from the mother seems to be a critical factor in the development of the dopaminergic system in the brains of MS animals (Zimmerberg and Shartrand 1992) . Finally, the control group chosen to evaluate the MS-induced effect differs between studies, being composed of totally non-disturbed animals, handled rats, or non-maternally separated (NMS) controls reared in normal husbandry conditions (for review, see Lehmann and Feldon 2000) .
Maternal separation implies a severe loss of maternal care, including nutrition and warmth, and as such is considered to be a major social deprivation that alters significantly the development of the brain and the neuroendocrine system, which in turn leads to permanent behavioural and physiological modifications in the adult animals. Although these MS-induced alterations have been proposed to be opposite to those of EH (Anisman et al. 1998; Hall 1998) , recent data from our laboratory have not always provided support for this statement. Maternally separated animals show altered open field spontaneous locomotor activity (Zimmerberg and Shartrand 1992; Lehmann et al. 1999a Lehmann et al. , 2000b , reduced sensitivity to d-amphetamine (Zimmerberg and Shartrand 1992; Matthews et al. 1996) but increased sensitivity to apomorphine (Ellenbroek and Cools 1995; Rots et al. 1996) , altered hypothalamo-pituitary-adrenal axis (HPA) functioning and enhanced (Stanton et al. 1988; Meaney et al. 1996) or decreased (I. Weiss and C. Pryce, unpublished observation) corticosterone responsiveness to stressors. Finally, MS was shown to either disrupt latent inhibition (Ellenbroek and Cools 1995) or enhance it (Lehmann et al. 1998 (Lehmann et al. , 2000b Weiss et al. 2001 ).
Social isolation
In rodents, social isolation (SI) can be performed from weaning (~21 days of age) to adulthood, i.e. in the adolescent rat (isolation-rearing, IR), or when the rat is already adult (isolation-housing, IH). In both paradigms, normal social contacts and play are prevented by placing the animals in single cages, reducing considerably the amount of sensory stimulation. The consequences of such social deprivations are commonly evaluated in adulthood in comparison with control subjects reared in a social environment of two to four rats per cage. Moreover, in most studies the animals are kept in the same room. Thus, isolates can maintain visual, auditory and olfactory contacts with their counterparts, although to a lesser extent. However, since IR is conducted during the developmental period from weaning to adulthood, it deprives the animals of social contacts during a critical phase of their life span characterised by the development of social play . This environmental manipulation can thus potentially alter the maturation of cerebral structures, such as those involved in the cortico-striato-limbic circuitry. Atlhough the neurogenesis in the above-mentioned brain regions is completed at weaning, some neural connections between the structures of this cortico-striato-limbic circuitry may not be completely established. Indeed, isolation-reared adult rats exhibit profound and long-lasting alterations of their behavioural profile, including spontaneous hyperactivity in open field environments (Sahakian et al. 1975; Gentsch et al. 1988; Rebouças and Schmidek 1997; Weiss et al. 2000) , although absent in isolates from the SpragueDawley strain Weiss et al. 2000) , and altered responsiveness to psychostimulants (Phillips et al. 1994; Wongwitdecha and Marsden 1995) . In addition, IR rats demonstrate neophobia Gentsch et al. 1982; Hall et al. 1997b) , increased timidity , increased anxiety (Wright et al. 1991) , and perseverative behaviours Dalrymple-Alford and Benton 1984) . Moreover, IR seems to affect cognitive learning in diverse tasks (Greenough et al. 1972; Gardner et al. 1975; Holson 1986; Weiss et al. 2001) , although some conflicting results exist regarding the IR effect on spatial learning tasks (Wongwitdecha and Marsden 1996 ; G. Gregorian, I. Weiss and J. Feldon, unpublished observations). Finally, IR does not affect LI (Feldon et al. 1990; Weiss et al. 2001) . It has been proposed that IR constitutes a chronic stressor (Hatch et al. 1965; Holson et al. 1991) , thereby producing long-term endocrine alterations. Nevertheless, the findings have not been consistent in this regard; IR rats are reported to have increased (Hatch et al. 1965; Gamallo et al. 1986 ; I. Weiss and C. Pryce, unpublished observations), decreased (Sanchez et al. 1995) or similar (Morinan and Leonard 1980; Gentsch et al. 1981; Holson et al. 1988 Holson et al. , 1991 basal levels of corticosterone relative to grouped controls. Finally, neurochemical alterations have been described after IR, indicating a reduced dopamine turnover in the medial prefrontal cortex and serotoninergic alterations in the nucleus accumbens and amygdala (Jones et al. 1991; Fulford and Marsden 1998; Heidbreder et al. 2000) .
In contrast, IH is conducted in adult animals and generally for a shorter period of time (several weeks). The behavioural, endocrine or neurochemical consequences of IH have been less studied, and seem generally to be less profound than those of IR. Rats isolated in adulthood demonstrate spontaneous hyperactivity in open fields, increased locomotor response to systemic amphetamine administration, and increased timidity towards novel environments (Ahmed et al. 1995) . In addition, IH has been reported to impair water maze learning (Wade and Maier 1986) . Similarly to IR, the effects of IH on endocrine systems are not consistent between the studies, with either increased (Lovely et al. 1972) , decreased (Miachon et al. 1993) or similar basal corticosterone levels (Niesink and van Ree 1983; Giralt and Armario 1989) being reported. Although the neurochemical alter-ations apparent as a consequence of IH are not clearly defined in the literature, some ex-vivo studies have demonstrated reduced dopaminergic metabolism in the nucleus accumbens and generally reduced serotonin function (for review, see Hall 1998) .
Chronic effect of EH on acoustic startle and PPI
Whereas the effects of the pre-weaning environmental manipulation of EH have been largely investigated in terms of behavioural and endocrine alterations (see above), to the best of our knowledge, no report exists in the literature on the consequences of EH on startle reflex and PPI. However, in recent studies conducted in our laboratory, EH rats were found to have normal sensorimotor gating abilities relative to non-handled or normalhusbandry controls (Pryce et al. 2001 ; J. Lehmann and J. Feldon, unpublished observations) . In addition, the startle reflex amplitude was not affected by EH. Although further studies are required to confirm this finding, it suggests that EH may not be an appropriate model to investigate the neurobiological basis of deficient sensorimotor gating in schizophrenia.
Chronic effect of MS on acoustic startle and PPI
Several very recent studies were conducted to analyse the consequences of MS on startle reflex and PPI in adulthood. The majority of studies did not find any effect of MS (1×24 h MS or 21×4 h MS) on startle reflex amplitude (Ellenbroek et al. 1998; Ellenbroek and Cools 2000; Finamore and Port 2000; Lehmann et al. 2000a; Weiss et al. 2001) . In contrast, discrepancies are apparent concerning the effects of MS on PPI. PPI has been reported to be either impaired (Ellenbroek et al. 1998; Ellenbroek and Cools 2000) or not affected by MS Finamore and Port 2000; Lehmann et al. 2000a Lehmann et al. , 2000b Weiss et al. 2001) . Several methodological parameters may explain this inconsistency. First, the effect may depend on the strain of rats; no effect of MS on PPI was found in the Sprague-Dawley Finamore and Port 2000; Weiss et al. 2001) , Lewis or Fisher 344 strains (Ellenbroek and Cools 2000) . In addition, MS rats from the Wistar strain reared in the Netherlands demonstrated PPI deficits (Ellenbroek et al. 1998; Ellenbroek and Cools 2000) , whereas MS rats from the Wistar strain reared in Switzerland showed similar PPI to that of NMS controls (Lehmann et al. 2000a (Lehmann et al. , 2000b . The latter suggests that although the rats from these two laboratories originated from the Wistar strain, their phenotype may be different due to different animal suppliers (Swerdlow et al. 2000b) . A second element that goes in line with genetics playing a major role in the behavioural effects of MS on PPI, is the control of the independence of the subjects. Indeed, it is important that the experimental groups be composed of unrelated subjects from different litters. For example, in the studies of both Ellenbroek et al. (1998) and Lehmann et al. (2000a) , a single 24-h MS was conducted at postnatal day 9 in Wistar rats. Therefore, one of the most likely explanations for the discrepant findings could be that in the study of Ellenbroek et al. (1998) , because all the subjects originated from a limited number of mothers ("litter effect" in terms of genetical background and maternal care), the likelihood of obtaining a statistically significant effect of MS on PPI was increased (see Lehmann et al. 2000a for more details). Another difference between the studies of Ellenbroek and ours is the temperature at which the pups were kept during the MS procedure, which, as we have already pointed out, can have major consequences for the development of the dopaminergic system. In the studies of Ellenbroek (Ellenbroek et al. 1998; Ellenbroek and Cools 2000) , the pups were kept at room temperature, which can be assumed to be around 20-22°C, whereas in our studies the pups were kept in incubators or on heating pads at a higher temperature (between 25°C and 33°C depending on the study ; Feldon et al. 2000; Lehmann et al. 2000a Lehmann et al. , 2000b Weiss et al. 2001) . Third, despite the fact that the degree of social deprivation was different between studies (complete or partial social deprivation of the pups), this factor did not seem to influence the MS effect on PPI. Indeed, MS was found not to affect PPI irrespective of whether the pups were also separated from each other Finamore and Port 2000; Weiss et al. 2001) or kept together (Lehmann et al. 2000a (Lehmann et al. , 2000b . Fourth, the fact that in our laboratory, MS was never found to alter PPI (irrespective of rat strain), whether it was performed as a single 24-h MS, as 4×6-h MS or as repetitive 4-h daily MS for the entire pre-weaning period, suggests that the effect of MS on PPI (or its lack) is independent of the developmental period at which the MS procedure takes place. Finally, the gender of the rats does not seem to influence the MS effect on PPI, since in all studies where MS was conducted in both males and females, no interaction between MS and gender was found (Ellenbroek et al. 1998; Finamore and Port 2000; Lehmann et al. 2000a Lehmann et al. , 2000b .
In conclusion, we are inclined to suggest that MS does not consistently affect PPI. Although the studies from Ellenbroek et al. (1998; Ellenbroek and Cools 2000) on Wistar rats are suggestive of face (MS induces PPI deficits), predictive (MS-induced PPI deficits were reversed by haloperidol and quetiapine; Ellenbroek et al. 1998 ) and construct validity (enhanced sensitivity of MS rats to the dopamine agonist apomorphine; Ellenbroek and Cools 2000) , these findings all originate from one laboratory, using only one strain and MS procedure, and have not been confirmed by others, where different strains, unrelated subjects and a range of MS procedures were employed Finamore and Port 2000; Lehmann et al. 2000a Lehmann et al. , 2000b Weiss et al. 2001) . Further studies are thus required to validate the model, because an important step in this direction involves obtaining inter-laboratory reproducibility.
Chronic effect of SI on acoustic startle and PPI Although the potential of SI to disrupt sensorimotor gating in rats has been studied only relatively recently ), nowadays it is widely reported in the literature that rats isolated from weaning to adulthood (but not isolation-housed rats) demonstrate deficits in the PPI paradigm. Consequently the IR model has attracted considerable interest for the screening of novel antipsychotic drugs, but also towards understanding the underlying neurobiological dysfunctions in psychiatric disorders characterised by deficient PPI. That rats, isolated when they were immature, could show PPI impairment in adulthood, mimicking abnormal sensorimotor gating in schizophrenic patients, is suggestive of face validity. In addition, SI-induced PPI deficits have been reversed in rats by a range of antipsychotic drugs, including raclopride Varty and Higgins 1995) , haloperidol, risperidone, clozapine (Varty and Higgins 1995) , seroquel or olanzapine , suggesting that an IR-induced PPI deficit has predictive validity for schizophrenia. Indeed, in a recent study, Weike et al. (2000) report that, in schizophrenic patients, neuroleptic treatment can reduce PPI deficits. Finally, this model also has construct validity, as PPI dysfunctions have been associated with DA hyperactivity in the brains of IR rats (particularly in the nucleus accumbens; Jones et al. 1992) , and of schizophrenic patients (Meltzer and Stahl 1976; Weinberger 1987; Bachus and Kleinman 1996; Egan and Weinberger 1997; Abi-Dargham et al. 2000) . Furthermore, and as already mentioned above, this model offers the advantage of conforming to the neurodevelopmental theory of schizophrenia, since both in schizophrenics and in IR rats, an alteration of the normal development has permanent consequences for subsequent adult behaviour.
The effects of IR on startle reflex are not consistent between the studies; IR has been reported either to increase Varty and Higgins 1995; Weiss et al. 1999) or not to modify Domeney and Feldon 1998; Bakshi and Geyer 1999; Weiss et al. 2000) the startle reactivity of the animals. The startle reflex is a very plastic response which can be modulated by many factors (see below) and used to evaluate emotional states (Marsh et al. 1973; Koch and Schnitzler 1997) . In this context, if we consider IR as a type of chronic stressor (Hatch et al. 1965; Holson et al. 1991) , then the modulation of the startle amplitude by IR can represent an interesting tool in its own right to investigate the influence of fear/anxiety states on processes of information filtering.
Post-weaning social isolation offers thus a valuable non-pharmacological model to disrupt PPI and to further identify new antipsychotic drugs. Therefore, experimental and pharmacological validations have been and are still performed on this model to obtain a reliable and robust PPI disruption. Nevertheless, several studies performed in our laboratory pointed out the fragility of this SI-induced PPI disruption by demonstrating the sensitivity of the model to experimental conditions and stimulus parameters. This could limit its potential as an animal model for drug screening. We propose to review in the following paragraphs some of the critical methodological parameters that are known to influence the SI-induced PPI deficit and that should be carefully considered prior to embarking on investigations with this animal model. In addition, because of the apparent fragility of the SIinduced PPI deficit, at least in our laboratory, we propose to analyse the PPI data using another method to evaluate the effect size of the IR treatment (see below). We will give an example in the present review, by presenting original data regarding two additional parameters which might affect the robustness of the model and have not yet been studied systematically (see below).
Strain of rats
The startle and PPI responses of untreated animals have been shown to vary considerably between different strains of rats. Therefore, several research groups have compared different rat strains in the PPI paradigm towards understanding the contribution of genetic background to PPI alterations apparent in schizophrenic patients. We will present here some examples that we think may be relevant for the induction of PPI deficits following IR. It has been recently reported by Kinney et al. (1999) and Swerdlow et al. (2000b) that the sensitivity of the PPI response to dopaminergic agonists can vary not only between rat strains but within the same strain, depending on the animals' supplier. For example, across laboratories, Wistar rats seem to show PPI deficits following administration of apomorphine (D 1 /D 2 dopamine agonist) more consistently than rats from the SpragueDawley strain (Rigdon 1990 ; but see Varty and Higgins 1994) . On the other hand, despite their variable startle response and sensitivity to dopamine agonists, the different strains of rats frequently show similar levels of PPI; this holds true for Lewis, SpragueDawley and Fischer rats in the study of Varty and Geyer (1998) , for Lister hooded, Sprague-Dawley and Wistar rats (Rigdon 1990; Weiss et al. 2000) , but not for Wistar and Fawn hooded rats from the study of Hall et al. (1997a) . However, two studies have shown significant differences of the Wistar strain in sensitivity to PPI. First, Varty et al. (1994) reported that Wistar rats are less sensitive in both the detection and processing of the prepulse stimulus than Sprague-Dawley or Lister hooded rats. Second, in the study of Depoortere et al. (1997b) , the significant PPI reduction in Wistar rats as compared to Sprague-Dawley rats was even proposed as an animal model for drug screening. More surprisingly, differences in the PPI response were found between two lines of the same Lewis inbred strain (HAN and SSN; Stöhr et al. 1999) .
In view of the variability of the startle and PPI responses in relation to the genetic background of the rats, it seems essential to describe here the influence of the strain on IR-induced PPI deficits. As already mentioned above, IR can modify startle reactivity, and this effect also seems to be strain dependent. With respect to Sprague-Dawley and Lister hooded rats, IR has generally been shown to increase startle amplitude Wilkinson et al. 1994; Varty and Higgins 1995; ), although in more recent studies no effect of IR was found (Varty et al. 1999a (Varty et al. , 1999b Weiss et al. 2000) . In our own studies using Wistar rats, IR did not modify startle amplitude Weiss et al. 1999; Weiss et al. 2000) . Despite the fact that methodological differences may account for the discrepancies between studies, some of our findings also suggest that the effect of IR on startle reactivity depends on the specific batch of animals (I. Weiss, personal observation).
Across several laboratories, PPI deficits seem to be consistently found in isolated rats from the SpragueDawley strain Varty and Geyer 1998; Bakshi and Geyer 1999; Varty et al. 1999a Varty et al. , 2000 Weiss et al. 2000 Weiss et al. , 2001 ). The same is true for Lister hooded rats, which also show reliable PPI deficits consequent to IR Varty and Higgins 1995; Varty et al. 1999b; Weiss et al. 2000) . However, several studies performed in our laboratory revealed the fragility of the IR-induced PPI effect using rats from the Wistar strain Weiss et al. 1999 ). We further confirmed this fragility in a very recent study, where IR-induced PPI deficits were seen only in SpragueDawley and Lister hooded rats but not in Wistar rats . Finally, IR-induced PPI deficits were not found in Fawn hooded (Hall et al. 1997a) or Lewis rats, but were apparent in Fischer rats .
In conclusion, the present data emphasise the necessity of choosing carefully the strain of rats used in studies investigating either the pharmacological or environmental/developmental induction of PPI deficits. Surprisingly, some rat strains may even be resistant to these two methods of PPI deficit induction. Indeed, as demonstrated by Varty and Geyer (1998) , rats from the Lewis strain do not show any PPI impairment after either apomorphine treatment or IR.
Gender
In human studies, PPI has been described as being sexually dimorphic, with women demonstrating lower PPI than men (Abel et al. 1998; Della Casa et al. 1998; Swerdlow et al. 1993a Swerdlow et al. , 1999 . The latter result was not accompanied by changes in startle reflex amplitude. Reproductive hormones interact with brain substrates underlying the processes of sensorimotor gating to modulate the PPI response . In women, PPI undergoes changes across the menstrual cycle, with reduced PPI during peaks of oestrogen, suggesting that lower levels of PPI per se are not always indicative of pathology. Furthermore, the sensitivity of women in detecting the prepulse was not modulated by reproductive hormones, and their startle reflex amplitudes were stable across the menstrual cycle ). In the rat, and consistent with the sexual dimorphism apparent in humans, PPI is greater in males than in females (Koch 1998; Faraday et al. 1999; Lehmann et al. 1999b; Weiss et al. 2001) . In line with the human evidence, Koch (1998) demonstrated that female rats show variations of their PPI levels during the oestrus cycle, with lower PPI during the pro-oestrous phase when oestrogen levels are elevated (in comparison with other phases of the cycle or with male PPI). Generally, this higher PPI in males was also accompanied by enhanced startle reflex relative to females (Blaszczyk and Tajchert 1996; Lehmann et al. 1999b ; but see Koch 1998 ). In conclusion, the above findings emphasise the necessity of controlling for gender effect in studies investigating the mechanisms underlying the PPI response.
In view of the above findings, it was thought important to investigate the influence of gender on IR-induced PPI deficits. However, until now, all studies looking at the effect of IR on PPI were performed in male rats. We therefore recently investigated the startle and PPI responses of isolated females and males (Sprague-Dawley strain). This study revealed that in females IR does not produce any PPI reduction, whereas in males significant PPI deficits were apparent (Weiss et al. 2001) . Although males from the latter study demonstrated greater PPI and startle responses relative to females, confirming studies reported in the literature (Blaszczyk and Tajchert 1996; Koch 1998; Faraday et al. 1999; Lehmann et al. 1999b ), startle was not modified by IR and of importance, no interaction between gender and IR was seen. Consequently, the present findings support the contention that male subjects are better suited for IR-induced disruption of PPI as an animal model for drug screening.
In view of IR being an animal model for sensorimotor gating impairments in schizophrenia, this sexual dimorphism in the IR-induced effects may represent an important finding that supports the face validity of the model. Although the present finding may require further confirmation, it supports the contention that males are more sensitive than females to environmental manipulation (Weiner et al. 1987; Feldon et al. 1990; Peters et al. 1991; Lehmann et al. 1998; Weiss et al. 2001) . Furthermore, this finding is in line with the higher incidence of developmental disturbances in the male human population (Seeman 1997; Castle et al. 1998; Torgalsboen 1999) . For example, in schizophrenia, the onset of the symptoms is earlier in males, and the rate and severity of the disease are higher among males than females (Nicole et al. 1992) . A mechanistic explanation for the above can be related to the fact that oestrogen is known to activate DA release in the nucleus accumbens and striatum, and to affect dopamine receptor sensitivity, which might in turn modify the dopaminergic modulation of PPI (Hruska 1986; Fink et al. 1996) . Furthermore, it is tempting to propose that during development, through an influence on brain maturation, oestrogen has "protec-tive" effects against the deleterious modifications following IR on brain structures involved in PPI. In view of the above-mentioned findings, SI-induced PPI deficits could represent a relevant animal model for the study of the mechanisms underlying the sexual dimorphism present in schizophrenia, and increases the face validity of the model.
Caging condition during the SI procedure
Manipulation of the social environment of rats during development implies also the control of the husbandry conditions during rearing, in order to exclude any interaction with the behavioural effect of the social deprivation. Nevertheless, after scrutiny of the literature on SI and PPI, it is difficult to obtain clear information on the caging conditions used. For most of the studies it can be deduced that the authors used plastic cages containing sawdust (e.g. Bakshi and Geyer 1999; Varty et al. 2000) , although in some cases the caging condition is not mentioned at all (Bristow et al. 1995; Hall et al. 1997a; Varty and Geyer 1998) . Wilkinson et al. (1994) , on the other hand, specified that isolated and grouped rats were reared in grid-floor cages. Therefore, in a recent study, we reared socially isolated and grouped rats from the Wistar strain in two different types of cages, i.e. solidbottom cages containing sawdust or wire grid-floor cages with a plastic under-hanging tray (Weiss et al. 1999) . The caging condition during rearing played a major role in the IR-induced effects on acoustic startle and PPI in adult animals. When reared in sawdust cages, isolates exhibited reduced PPI relative to grouped controls (trend level), whereas in animals reared in grid-floor cages, isolates and grouped controls had similar PPI. In contrast, the acoustic startle response was not modified by the caging condition. The striking result of this experiment is that the lack of an IR effect on PPI was associated with a significant PPI reduction in grouped rats reared on grid-floors relative to grouped rats reared on sawdust. A possible explanation for the latter effect could be that rearing grouped rats in grid-floor cages represents a type of chronic stressor, which can impair the sensorimotor gating abilities of adult animals. In addition, human handling is totally lacking in animals reared in grid-floor cages and thus may render the animals much more sensitive to the stress of handling during the first experimental testing. It should be noted here that Wilkinson et al. (1994) reported a significant PPI deficit after IR in Lister hooded rats reared on grid-floor cages. Although our experiment was not conducted in the optimal strain to show IR-induced PPI deficits (partially explaining the fragility of IR-induced effects on PPI in rats reared on sawdust; see above), the present findings suggest that the likelihood of obtaining IR-induced PPI deficits is higher in animals reared in cages containing sawdust versus grid floors. Finally, it stresses the issue of controlling the husbandry conditions during IR to avoid interactions with the behavioural effects of the manipulation.
Experimental interactions with locomotor activity testing
In the majority of studies investigating the effects of IR on PPI, the locomotor activity of the animals was also assessed, the latter being performed either before Wilkinson et al. 1994; Varty et al. 1999b Varty et al. , 2000 or after (Bakshi and Geyer 1999; Weiss et al. 1999 Weiss et al. , 2000 testing for PPI of the startle reflex. Testing the locomotor activity of animals in an open field can represent a stressful experience. First, it implicates human handling, which can be very stressful for naive, non-handled isolates and second, the novelty of the environment itself is known to enhance corticosterone release even in control grouped rats (Gentsch et al. 1981; Hall 1998) . As in the majority of studies locomotor activity is the first test performed after the period of IR, it could be argued that this "stressful" manipulation may influence the subsequent PPI response. This potential experimental interaction between locomotor testing in an open field environment and PPI was investigated by Domeney and Feldon (1998) in Wistar rats. They demonstrated that prior exposure to activity testing abolishes IR-induced PPI deficits. When the activity testing was performed between two PPI sessions conducted with the same animals, an IR-induced PPI deficit was found only in the first session, the animals being still experimentally naive. This finding may explain partly why in experimental designs where PPI was tested after locomotor activity, the IR effect on PPI was not seen across the range of prepulse intensities tested but was restricted to one intensity (i.e. 8 dB above background noise; Geyer et al. 1993; Wilkinson et al. 1994) . The reason for the experimental influence of locomotor activity testing on PPI is not known, but it may be related to differential dopamine activation. In conclusion, social isolates should ideally be naive before PPI testing.
Modality and parameters of the stimulation in the PPI paradigm As already mentioned, PPI is a multimodal phenomenon that can be assessed in humans and rats using acoustic, tactile, or visual stimuli. The choice of modality also seems to be important in demonstrating robust IRinduced PPI effects. In rats, Varty et al. Varty et al. 1999a) failed to obtain a PPI deficit after IR when the rats were tested using a light for the prepulse, whereas a significant IR-induced PPI deficit was found using an acoustic prepulse. In humans also, PPI deficits were found in schizotypical personality disorder using acoustic but not tactile PPI (Cadenhead et al. 1993) . We should note here that using parameters other than varying prepulse intensities to modulate PPI could also affect the effect of IR. For example, Varty et al. (1999b) found a more robust IR-induced PPI deficit when using variable prepulse-pulse intervals than when using variable prepulse intensities (the deficit was apparent only at one intensity).
Ontogeny of the SI-induced PPI deficit
In view of the relevance of the SI model for drug screening, the ontogeny of the SI-induced PPI deficit has been carefully studied in the last few years. SI entails the disadvantage of being a time-and money-consuming approach for inducing PPI deficits, and therefore several studies have evaluated the minimal length of SI necessary to obtain a PPI effect and the temporal window during which PPI deficits can be seen in adult rats. We review here some of those temporal parameters that were found to be critical for improving such a model. First, the age of the rats at onset of the SI procedure is a critical factor. Wilkinson et al. (1994) have demonstrated that SI-induced PPI deficits were apparent only when the animals were socially isolated from weaning (IR) and not if they were isolated in adulthood (IH). In other words, SI-induced PPI deficit seems to be a developmentally specific model, providing further support for its relevance for schizophrenia. Importantly, this finding was not associated with a differential influence of IR or IH on acoustic startle, since both IR and IH rats demonstrated an increased reflex amplitude as compared to grouped controls .
Second, whereas some behavioural outcomes consequent to IR, such as locomotor hyperactivity, are already seen in pre-pubertal rats (2 weeks of post-weaning SI, see Bakshi and Geyer 1999) , SI effects on PPI are apparent only when the animals reach early adulthood (Bakshi and Geyer 1999; Varty et al. 1999a ). In the study of Bakshi and Geyer (1999) , Sprague-Dawley isolated rats showed PPI deficits already after 4 weeks of IR, whereas Lister hooded isolated rats demonstrated PPI deficits only after 6-7 weeks of continuous SI. Consequently, IR-induced PPI impairment seems to emerge around the time of puberty. Furthermore, the study of Varty et al. (1999a) raised the issue that PPI should be investigated after a continuous period of SI from weaning, since resocialization of the animals between the IR period (4 weeks post-weaning) and the PPI test (performed in adulthood, 8 weeks post-weaning) abolished the PPI deficit. Therefore, in most studies, a minimum of 8 consecutive weeks following weaning are used to obtain an isolation-induced PPI deficit. In our own studies, using either Wistar or Lister hooded rats, a minimum of 12 weeks of IR was needed to see PPI deficits as a consequence of the manipulation (I. Weiss, unpublished observations) . This post-pubertal emergence of PPI deficits in isolates is of interest and is consistent with the delayed PPI effect seen after neonatal lesions of the ventral hippocampus (Lipska et al. 1995) .
Finally, a recent study performed in our laboratory suggested that long periods of SI and/or repeated PPI testing could lower the PPI deficit shown by isolated rats (Weiss et al. 2001) . In contrast, it could be argued that longer IR periods will reinforce the PPI deficit, although there may be a confounding influence of age. In addition, several studies performed in our laboratory (Weiss et al. 1999 (Weiss et al. , 2001 and others were indicative of a progressive weakening of the SIinduced PPI deficit as a function of repeated PPI testing. In contrast, in a study of , two PPI tests were needed to obtain a significant SI-induced PPI deficit, because the first PPI session did not yield a SI effect. Nevertheless, a first PPI session may be necessary to reduce the variability within the experimental groups by counterbalancing the animals for PPI level before starting a pharmacological manipulation. Varty and Higgins (1995) have indicated that when repeated testing is used, the PPI test sessions should be separated from each other by at least 14 days, as shorter intervals weaken the SI-induced PPI deficit. Furthermore, as we have reported in a previous study ; and see above), a behavioural test (open field) performed before PPI can abolish SI-induced PPI deficits. It is thus reasonable to think that a first PPI session could interact with the SI-induced effect (similarly to an open field session) to reduce the deficit in a second PPI test.
Consequently, we would like to conclude this section by presenting unpublished data from a recent study performed in our laboratory that aimed at answering these two remaining questions: "Will a long IR period produce a stronger PPI deficit than a short IR period?" and, "Is repeated PPI testing detrimental or beneficial for the IR effect?" These two issues were addressed simultaneously in one large cross-sectional study conducted in male adult Sprague-Dawley rats. Continuous IR was performed from weaning (21 days of age) without resocialisation until PPI testing in adulthood. The behavioural responses of isolates in the PPI paradigm were compared with those of grouped controls. Isolated and grouped rats were reared in the same holding room, so that isolated rats maintained olfactory, auditory, and visual contacts with their grouped counterparts thoughout the studies. All animals were reared in solid bottom Macrolon cages containing sawdust, and were disturbed only for cleaning purposes. The first startle and PPI responses of naive animals were assessed after either 12 (group 1), 16 (group 2), 20 (group 3) or 24 (group 4) weeks of SI from weaning. Furthermore, the question regarding the effect of repeated testing on the SI-induced PPI disruption was answered by testing group 1 four times, group 2 three times and group 3 twice. After each period of IR, the rats from the different groups were tested at the same time, in order to control for age and naivety.
The acoustic startle reflex and the PPI response were assessed as reported elsewhere . Briefly, the startle reflex and the PPI response were measured in four sound-attenuated startle chambers (SR-LAB, San Diego Instruments, San Diego, Calif., USA), which were illuminated and ventilated. In order to show an accurate picture of the PPI effects produced by IR, we present the percentage of PPI for all four prepulse intensities tested (4, 8, 12 and 16 dB[A] above a background noise of 68 dB [A] ). The pulse was a 120 dB[A] acoustic stimulus. In addition, to further clarify the issue of the robustness of the IR-induced PPI deficit, we added an analysis of effect size. The method was elaborated by Cohen and is described elsewhere (Cohen 1988) . Briefly, using a statistical parametric analysis, the effect size index (or d) is calculated as follows: [(mean PPI groupA-mean PPI groupB)/common within-population standard deviation]. Several effect sizes are described, with d=0.2 being a small effect, d=0.5 being a medium effect, and d=0.8 being a large effect. The implication of these estimates is that for a 50% chance of rejecting the null hypothesis, using a two-tailed t-test and an α of less than 0.05, 200, 30 and 10 subjects per group will be needed for a small, medium and large effect size, respectively (Cohen 1988; Table 2.3.5) . The findings of this original study are described below and are based on all subjects that took part in the experiment (i.e. no exclusion of statistical outliers was allowed for this overall presentation of the results, but see below).
Effect of long IR periods on the SI-induced PPI deficit in naive adult rats
We investigated the startle and the PPI responses of separate groups of naive rats tested after 12, 16, 20 or 24 weeks of continuous IR from weaning. Each of the four experimental groups (groups 1-4) consisted of nine or ten isolated and ten grouped rats, originating, for each subgroup of isolates or grouped rats, from nine or ten different mothers. This was done to avoid any genetical or behavioural bias due to maternal care ("litter effects") (Lehmann et al. 2000a) . As depicted in Fig. 1 , SIinduced PPI deficits were apparent for all groups, at least at a trend level. The latter was indeed confirmed by an overall significant main effect of Rearing [grouped versus isolated rats; F(1,71) =10.6; P<0.01] . The lack of a Group (12, 16, 20 or 24 weeks of IR)×Rearing interaction [F(3,71)=0.4, P>0.75] indicated that the extent of the SI-induced PPI deficit was not significantly different between the four groups. However, a significant Group× Rearing×Prepulse intensity (72, 76, 80 and 84 dB) interaction [F(3,213) =2.3, P<0.02] reflected variations between the groups in the expression of SI-induced PPI deficits across the four prepulse intensities. As can be seen in Fig. 2 (graphics with bold frame), although IR reduced the percentage of PPI, in no group (1-4) was the deficit apparent across all prepulse intensities tested. In addition, there was no statistical evidence for a reduction of mean levels of PPI as a function of length of the IR period (see Fig. 1 ). Furthermore, the startle amplitude was not affected by the length of the IR period. In regard to the present findings, we can conclude that the length of the IR period and/or the age per se of the animals do not modify considerably the PPI deficit induced by chronic IR. Rather, obtaining robust deficient PPI after IR seems to be dependent on the specific group of rats; group 2 for example demonstrated IR-induced PPI deficits for two prepulse intensities (76 and 84 dB), whereas for groups 1 and 3, IR-induced PPI disruption was apparent only at 72 dB (see Fig. 2 ). To further examine this issue, we conducted an analysis of the size of IR effect, separately for each experimental group. The latter analysis confirmed the parametric analysis (ANOVA) performed on percentage PPI and revealed that IR had a medium size effect in group 2, and a small effect in groups 1, 3 and 4 (see Table 1 , left panel).
316 Fig. 1 Effect of long IR periods on the social isolationinduced PPI deficit in naive adult rats. Means±SEM of percentage PPI are presented for group-reared (GRP) and isolation-reared (ISO) male rats from the Sprague-Dawley strain. Group 1 (10 GRP and 10 ISO) was tested after 12 weeks, group 2 (10 GRP and 9 ISO) after 16 weeks, group 3 (10 GRP and 10 ISO) after 20 weeks, and group 4 (10 GRP and 10 ISO) after 24 weeks of continuous isolation rearing. The P-value of the main factor of Rearing (GRP versus ISO) derived form the analysis of variance is presented for each group, together with the effect size (d) of the IR treatment. *P<0.05
Effect of repeated testing on the SI-induced PPI deficit
To investigate the consequences of repeated PPI sessions on the IR-induced PPI deficit, three out of the four experimental groups already used above were further studied in additional PPI tests. Group 1 was tested after 12, 16, 20 and 24 weeks of chronic IR (three repeated tests), group 2 was tested after 16, 20 and 24 weeks of IR (two repeated tests) and group 3 was tested after 20 and 24 weeks of IR (one repeated test). The analyses performed for each group, with PPI testing as a repeated measurements factor, revealed that for groups 1 and 3, a general IR-induced effect was apparent but only at a trend level [Rearing main effect; F(1, 18)=2.6, P=0.12 and F(1, 18)=3.8, P=0.06, respectively] . In group 2, there was a significant main effect of IR [F(1,17)=7.9, P<0.02] . However, for the three groups, no interaction between the repetition of PPI sessions and the IR effect was evident (P>0.78 in all groups). In other words, when an IR-induced PPI disruption was apparent in the first test session (for example, in group 2; see Fig. 3 ), it was maintained over three tests, 4 weeks apart, but when the 317 Fig. 2 Complete diagram of the PPI responses of the different experimental Groups of the cross-sectional design study. Means±SEM of percentage PPI are presented for each prepulse intensity tested (i.e. 72, 76, 80 and 84 dB[A] ). Group 1 (10 GRP and 10 ISO) was tested after 12, 16, 20 and 24 weeks, group 2 (10 GRP and 9 ISO) after 16, 20 and 24 weeks, group 3 (10 GRP and 10 ISO) after 20 and 24 weeks, and group 4 (10 GRP and 10 ISO) after 24 weeks of continuous isolation rearing. The graphs with a bold frame present the first PPI test of each group. *P<0.05; +0.05<P<0.10 IR effect was not apparent in the first session (for example, in groups 1 and 3), additional PPI sessions did not help to clarify the picture (see Fig. 3 ). Taken together, the present findings support the contention presented before that obtaining a robust IR-induced PPI deficit depends on the specific group of animals, especially when using only ten rats per group. Another interesting finding was that mean percentage PPI levels increased over repeated testing [group 1, F(3,54)=9.5, P<0.001 and group 2, F(2,34)=7.9, P<0. 01; see Fig. 3 ], confirming a previous report (Martinez et al. 2000) . There was, however, a significant reduction of the startle amplitude as a function of repeated testing (type of long-term habituation) for groups 1 [F(3,54)=4.1, P<0.02] and 3 [F(1,18)=4.5, P<0.05] but not for group 2 (P>0.22), but there was no general main effect of IR on the startle reflex amplitude in any group. Finally, the size of the IR effect on PPI was basically stable across PPI testing for all the groups, although the IR effect in session 4 of group 1 was particularly low as compared to the effect size in the other sessions (see Table 1 , left panel).
Comparison of several statistical analyses for the SI-induced PPI deficit
Since no interaction between SI and either repeated testing or length of SI period could be detected, we considered each of the experimental groups separately from each other and each PPI session within one group independently. This provided us with ten virtual samples of the SI-induced effect on startle and PPI. When an analysis on the mean percentage PPI was conducted for each of the ten "samples", only two out of ten (sessions 1 and 3 for group 2) yielded a significant SI effect, and two out of ten (group 1, session 1 and group 2, session 2) demonstrated a trend towards a PPI reduction after SI (see Table 1 , left panel). Consequently, in six out of ten groups, the SI-induced PPI reduction was not significant. Isolation rearing modified the amplitude of the startle reflex in only two groups and in opposite directions (increase in group 1, session 1 and decrease in group 2, session 3). Finally, an analysis on the size of the SI effect was conducted for each sample (see Table 1 , left panel).
As can be seen in Table 1 (left panel) , for a still unknown reason some experimental groups of rats are more likely to show SI-induced effects on PPI (e.g. group 2) and when a deficit is apparent, it remains stable across several test sessions. More generally, a mean effect size of d=0.37 (ranging from d=0.18 to d=0.59; see Table 1 , left panel) was found over the ten sample groups, which represents a relatively small SI effect. This would suggest that under similar circumstances (strain, gender or husbandry condition), and using a two-tailed t-test to compare the PPI responses of grouped and isolated rats, at least 50 rats per group will be required to have a 50% chance of demonstrating a significant SI-induced PPI disruption (Cohen 1988; Table 2.3.5) .
Before presenting our conclusions, we present an additional analysis of the data, which discarded animals that had a PPI level outside the range of two standard deviations above and below the mean, in two PPI tests or more. Only three rats out of 79 were thus excluded, all of them belonging to the so-called "control" groups (one grouped rat each in groups 1, 2 and 3). The data are presented in Table 1 (right panel) . In contrast to the situa- Table 1 Summary of the results with a comparison of several statistical analyses conducted on the same data. The IR effect on the startle reflex, the percentage PPI and the effect size are presented for all PPI test sessions performed with each group. In the left panel, data were analysed using all the 79 animals, whereas the right panel presents data after exclusion of three control rats, reducing the n numbers: Group 1 (9 GRP and 10 ISO), group 2 tion where all the animals were included, now half of the ten virtual sample groups demonstrated a significant IRinduced percentage PPI disruption (group 1, sessions 1 and 2; group 2, sessions 1 and 3; group 3, session 1) and one sample demonstrated a trend towards an IR effect on PPI (group 2, session 2). In addition, the effect size was considerably increased, with a mean effect size of d=0.49 (ranging from d=0.27 to d=0.76), which represents a medium SI effect. Under these conditions, only 30 rats per group would now be required to have a 50% chance of demonstrating a significant IR-induced PPI deficit under the same experimental conditions (Cohen 1988; Table 2.3.5) . In other words, a minimal exclusion of three rats out of 79 can significantly modify the robustness of the findings. This is even more striking because the three outlier rats were not environmentally manipulated and, in addition, our attempt to "characterise" them in terms of differences from the other rats in weight, startle amplitude to pulse or startle amplitude to prepulse, did not yield any significant predictor.
In summary, all the findings presented in this section support the contention that the PPI disruption induced by SI is a very sensitive model and that a number of methodological parameters can considerably affect the size of the SI-induced deficit. Therefore, a correct interpretation of the findings may require the use of different statistical 319 Fig. 3 Effect of repeated testing on the SI-induced PPI deficit. Means±SEM of percentage PPI are presented collapsed over the four prepulse intensities tested (i.e. 72, 76, 80 and 84 dB[A]) for group 1 (10 GRP and 10 ISO), group 2 (10 GRP and 9 ISO), group 3 (10 GRP and 10 ISO), and group 4 (10 GRP and 10 ISO). The graphs with a bold frame present the first PPI test of each group. *P<0.05; +0. 05<P<0.10 analyses of the same data, in order to judge the robustness of the SI effect on PPI. In this context, the analysis based on effect size may be highly relevant, because it measures the extent of a treatment effect in a way that allows a direct comparison with other studies. Regarding the ontogeny of the SI-induced PPI deficit, the picture already elaborated by and Varty et al. (1999a) is somehow filled out by the present data, and it suggests the presence of a "time-window" for the effects of SI on PPI. Although the statement is strain dependent, effects on PPI should be seen when SI is conducted without interruption from weaning and for a period ranging from 6-7 weeks to approximately 20 weeks. Finally, the present findings do not support the view that repeated PPI testing is either beneficial or detrimental (Weiss et al. 2001) for the establishment of reliable PPI disruption following IR.
Combined environmental manipulations
To the best of our knowledge, only a few studies have investigated the effects on PPI of combinations of environmental manipulations. The rationale for combining environmental manipulations is an attempt to enhance the "brain pathology" that leads to disruption of a behaviour, such as PPI (for a more detailed elaboration on the subject, see Weiss et al. 2001) . Two such combined studies were conducted in our laboratories. A first study combined prenatal stress (restraint stress from day 15 to day 22 of pregnancy) and MS (6 h/day on postnatal days 12, 14, 16 and 18; partial social deprivation) and was performed in male and female Wistar rats (Lehmann et al. 2000b) . A second study combined MS (4 h/day from postnatal day 1 to 21; complete social deprivation) and IR and was performed in male and female SpragueDawley rats (Weiss et al. 2001 ). In the study of Lehmann et al. (2000b) , MS, which did not affect PPI on its own, antagonised the PPI increase induced by prenatal stress, both in males and females. In contrast, the startle reflex amplitude was affected only in MS males, towards a reduction. In the study of Weiss et al. (2001) , no interaction between MS and IR was found for PPI or startle reactivity, irrespective of rat gender. IR alone, however, produced a significant PPI deficit in male rats (without modifying the startle amplitude) but not in females, whereas MS alone did not affect the PPI or the startle reflex of the animals.
In conclusion, the combinations described above led to only minor effects in terms of behavioural consequences for sensorimotor gating abilities, and as such do not necessarily represent relevant animal models for schizophrenia. Indeed, these models do not "offer" more than each environmental manipulation conducted separately, since no additive effects were found either on the amplitude of the startle reflex or on the PPI response.
Summary and conclusions
Among the three environmental manipulations reviewed, it is the procedure of IR that demonstrates the most profound consequences for startle reflex and PPI. Thus, there seems to be a dissociation between the effects of pre-weaning (EH and MS) and post-weaning (IR) manipulations on sensorimotor gating abilities of adult rats. Although it is true that IH, which does not affect PPI, is also a manipulation conducted after weaning, this procedure is performed in mature animals and thus may be considered insufficient (too late in ontogeny) to affect PPI. It is striking that not one of the pre-weaning manipulations conducted in our laboratory, including EH, nonhandling and MS for 1×24-h or 4×6-h or 21×4-h, in Wistar or in Sprague-Dawley male and female rats, altered the PPI response of adult animals. However, Ellenbroek et al. (1998; Ellenbroek and Cools 2000) have demonstrated PPI disruption following a single 24-h MS on postnatal day 9 in Wistar rats. In contrast, the PPI disruption induced by post-weaning IR has been observed in several laboratories, including ours. We should note here that generally in comparison to the pharmacological induction of PPI deficits, the effects on PPI produced by environmental manipulations, such as IR, are less extensive. This would probably also explain why the PPI consequences of early environmental manipulations are so critically sensitive to experimental conditions. Although this IR model seems to present face, predictive and construct validity for modelling schizophrenia, it requires careful consideration of a number of methodological parameters, such as rat strain, gender, caging condition during IR, or parameters of the stimulation in the PPI paradigm, which weaken considerably the reliability of the model and consequently its usefulness in screening new compounds with potential antipsychotic activity. Therefore, further validations and refinements of the model are required, and in this context, the analysis of effect size may be considered as a relevant tool to facilitate inter-laboratory comparisons. Nevertheless, this IR-induced PPI disruption model provides promising features for understanding the physiological and neurochemical changes produced by early stressful experience, which may prove to be helpful in elucidating the neurobiology of schizophrenia.
It is thus tempting to speculate on neurobiological substrates possibly involved in the disruption of PPI following chronic social isolation. Although literature on neuroanatomical/neurochemical modifications produced by the manipulation is very limited, several studies have revealed neurochemical alterations within the medial prefrontal cortex (mPFC) of isolated rats (Crespi et al. 1992; Jones et al. 1992; Heidbreder et al. 2000) . Furthermore, several lesion and infusion studies performed in normal adult rats suggest that the mPFC is involved in the neural circuitry of PPI, but not in that of LI Ellenbroek et al. 1996; Lacroix et al. 1998; Broersen et al. 1999; Lacroix et al. 2000a ). We should mention here again that LI is not affected by SI. Therefore, the selective effect of SI on PPI could be linked to a mPFC alteration, possibly via a subtle "environmentally-induced lesion" . Furthermore, this hypothesis of a SI-induced "environmental lesion" centered on the mPFC fits with the perseverative behaviours shown by isolated rats Gluck and Pearce 1977; Dalrymple-Alford and Benton 1984; Feldon et al. 1990 ), mPFC lesioned animals (Doar et al. 1987; Morgan et al. 1993; Morgan and LeDoux 1995; Hauser 1999) , and by human schizophrenics (Frith and Done 1983) . Finally, the mPFC is clearly involved in emotional processes that underlie negative emotional states such as anxiety, stress or panic (Morgan et al. 1993; Barbas 1995; Morgan and LeDoux 1995; Lacroix et al. 2000b ). However, evidence from neurochemical studies of brains of isolates (Jones et al. 1991 (Jones et al. , 1992 Heidbreder et al. 2000) suggests that rather than inducing a neural dysfunction limited to a single brain structure, SI is more likely to induce imbalances between neural connections within the cortico-striatolimbic circuitry. Although the rat prefrontal cortex is fully mature at weaning in terms of neurogenesis, some neural connections with other structures may not be completely established and thus SI may interact with this maturation (S. Bayer, personal communication). In fact, morphological changes in the brain of social isolates have been recently studied. In line with the neurochemical evidence of an alteration of the prefrontal cortex following IR, Singh-Curry et al. (1998) have demonstrated a significant decrease in NADPH-diaphorase neuronal density in the prefrontal cortex of isolated rats. In addition, subcortical structures also seem to be developmentally sensitive to IR. Varty et al. (1999b) have found a reduction of synaptic content in the dentate gyrus of social isolates, as reflected by diminished synaptophysin immunoreactivity. Interestingly, a similar finding has also been reported in human schizophrenic patients (Eastwood and Harrison 1995) . A reduction in density of the dendritic spines of spiny neurons within the dorsolateral striatum of isolated rats has been reported by Comery et al. (1995) . Although, these different anatomical alterations are suggestive of a complex influence of IR on brain development, they do not always correlate with the behavioural abnormalities demonstrated by the isolates. Therefore, more studies are now required to investigate neuroanatomical modifications at the cortical and subcortical levels induced by the development of rats in chronic SI, in order to understand how SI influences the interactions between the different structures of the cortico-meso-limbic circuitry. The latter will certainly shed light on the mechanisms by which IR leads to long-term changes in behaviour, particularly in sensorimotor gating abilities.
